We investigated naked mole-rat somatosensory cortex to determine how brain areas are modified in mammals with unusual and extreme sensory specializations. Naked mole-rats (Heterocephalus glaber) have numerous anatomical specializations for a subterranean existence, including rows of sensory hairs along the body and tail, reduced eyes, and ears sensitive to low frequencies. However, chief among their adaptations are behaviorally important, enlarged incisors permanently exterior to the oral cavity that are used for digging, object manipulation, social interactions, and feeding. Here we report an extraordinary brain organization where nearly one-third (31%) of primary somatosensory cortex is devoted to the representations of the upper and lower incisors. In addition, somatosensory cortex is greatly enlarged (as a proportion of total neocortical area) compared with closely related laboratory rats. Finally, somatosensory cortex in naked mole-rats encompasses virtually all of the neocortex normally devoted to vision. These findings indicate that major cortical remodeling has occurred in naked mole-rats, paralleling the anatomical and behavioral specializations related to fossorial life. N aked mole-rats (Heterocephalus glaber) are rodents in the family Bathyergidae that lead an almost entirely subterranean existence. They are best known for their eusocial colony structure with morphological castes, division of labor, and a single breeding female or ''queen'' (1-5). In addition to their unique social organization, naked-mole rats are renowned for their unusual physical appearance-a consequence of their many adaptations to underground life. They exhibit a suite of anatomical traits that set them apart from most other rodents. These traits include reduced eyes and small ears with a hearing range restricted primarily to the low frequencies that are easily transmitted through soil (6, 7). Naked mole-rats also have sensory and motor specializations related to touch.
N
aked mole-rats (Heterocephalus glaber) are rodents in the family Bathyergidae that lead an almost entirely subterranean existence. They are best known for their eusocial colony structure with morphological castes, division of labor, and a single breeding female or ''queen'' (1) (2) (3) (4) (5) . In addition to their unique social organization, naked-mole rats are renowned for their unusual physical appearance-a consequence of their many adaptations to underground life. They exhibit a suite of anatomical traits that set them apart from most other rodents. These traits include reduced eyes and small ears with a hearing range restricted primarily to the low frequencies that are easily transmitted through soil (6, 7) . Naked mole-rats also have sensory and motor specializations related to touch.
Most rodents have an array of sensory vibrissae on the face and distal snout, and this is also true for naked mole-rats. In addition, naked mole-rats have unique rows of sensory hairs covering their otherwise furless bodies and tail (Fig. 1 ). Using these postcranial sensory hairs they have little trouble navigating without eyesight and are easily able to travel both forward and backward through their underground tunnels. But the hallmark specialization of mole-rats is the enlarged incisors that are located permanently exterior to the oral cavity. This dentition plays an important role in the daily lives of the mole-rat worker caste, and it has been reported that 25% of their total musculature is devoted to the jaws (8) . To examine how mole-rats use these teeth, we filmed them manipulating small wooden sticks and chewing through obstructions within a Plexiglas tunnel system. Slow-motion analysis revealed their remarkable ability to move the lower pair of incisors independently of one another (Fig. 1 F and G) . This ability presumably allows for greater versatility in a range of behaviors, including tunnel excavation, carrying and manipulating food and objects, moving the young, social interactions, and of course feeding (9) .
The goal of this study was to assess the degree to which cortical areas may undergo extensive reorganizations, in the course of evolution, that parallel physical and behavioral adaptations to a specific habitat. Of particular interest in naked mole-rats is the organization of cortical areas related to touch (somatosensory areas), because touch is expected to be of paramount importance in dark underground tunnels and because the mole-rats' use of teeth is so unusual.
Methods
To determine how somatosensory cortex was organized in naked mole-rats (H. glaber), microelectrodes were used to record multiunit neuronal activity at over 1,100 different cortical sites in four adult mole-rats. Mole-rats were anesthetized with an i.p. injection of 15% urethane diluted in PBS at a dosage of 1.5 g͞kg. Body temperature was maintained with a heating pad and the cortex was exposed over one hemisphere, the dura was removed, and the cortex was protected with a layer of silicon. Multiunit microelectrode recordings were made from cortex by using low impedance tungsten microelectrodes (1.0-1.5 M⍀ at 1,000 Hz). Each electrode penetration site was marked on an enlarged photograph of the brain and selected penetration sites were marked with a microlesion (10 A while withdrawing the electrode at 70 m͞s). The skin surface was stimulated with small probes, fine paint brushes, and calibrated von Frey hairs to determine the location and size of receptive fields on the body for neurons at each electrode penetration. Receptive fields were drawn on an enlarged schematic of the body, and selected penetration sites were marked in cortex with microlesions. Sites in caudal cortex were checked for visual responses. After recordings, mole-rats were given an overdose of sodium pentobarbital (100 mg͞kg) and perfused with phosphate buffered 0.9% saline (pH 7.4) followed by 4% paraformaldehyde in phosphate buffer. The cortex was postfixed for 30 min, separated from the underlying white matter, transferred to 30% sucrose, and flattened between glass slides for 12 h. The cortex was cut parallel to the surface at 40-60 m and sections were processed for cytochrome oxidase histochemistry, a metabolic enzyme most heavily expressed in sensory areas (10) .
Cortical areas were measured in naked mole-rats by relating the distribution of microelectrode penetrations to sections of flattened cortex by using cortical microlesions visible in tissue sections to align the physiological map to the cortical histology. For laboratory rats, four adult Long-Evans rat hemispheres were analyzed. The hemispheres were processed and flattened as described above. The extent of primary somatosensory cortex (S1) was measured from the distinctive histochemical pattern that is congruent with the representation of the contralateral body representation in S1 (11, 12) . The tooth representation in laboratory rats has been localized to the rostral-most region of barrels, overlapping the representation of the microvibrissae (13) . In both naked mole-rats and Long-Evans rats, limbic cortex from the medial wall was not included in the area calculations and all measurements were made after tissue fixation.
Results and Discussion S1 was located in a large oval in the caudal two-thirds of neocortex. As in other mammals, S1 consisted of a complete topographic representation of the contralateral body surface. Additional representations of body parts were found in lateral cortex corresponding to secondary somatosensory cortex (S2) and perhaps PV, the parietal ventral area (14, 15) . No visual responses were found in caudal cortex. The topographic sequence of representation in mole-rat S1 was similar to that found in virtually all other mammals (16, 17) , with caudal body parts such as tail and hindlimb represented medially in cortex, ventral body parts represented rostrally, dorsal body parts represented caudally, and rostral body parts (head and face) represented laterally in cortex (Fig. 2) . But S1 was very unusual in a number of other respects.
The most obvious specialization was an extreme cortical magnification of the incisors. Nearly one-third of S1 (31%) was taken up by separate representations of the upper and lower front teeth (Figs. 2 and 3; Table 1 ). The incisor region was located at the rostro-lateral extreme of S1 in an area normally occupied by a representation of facial microvibrissae in other investigated rodents (18) . The lower incisor representation was located rostral to the upper incisor, consistent with the typical topography in S1, where ventral body parts are represented more rostrally in cortex than dorsal body parts. At the border between the two teeth representations, neurons responded to stimulation of both the upper and lower incisors. Neurons in more dorsal and caudal cortex responded to stimulation of the small hairslocated just behind the incisors-that surround the opening to the mouth. In all four cases the lower incisor, which can be moved independent of its contralateral counterpart, had a larger representation than the upper incisor. Neurons throughout this region of cortex responded to light tactile stimulation of the upper or lower incisors and generally responded to von Frey filament 3.22 corresponding to a force of less than 0.2 g. In the case of the lower incisor representation, responses were obtained primarily from the contralateral tooth. This determination was more difficult for the upper incisors because both upper incisors make close contact with one another. Thus, responses to stimulation of either of the upper incisors were common. However, stimulation with fine von Frey filaments often yielded responses solely to the contralateral tooth, suggesting that many responses to the ipsilateral tooth were a consequence of inadvertent stimulation of both incisors. Alternatively, a proportion of the neurons in the upper tooth representation might be bilaterally activated, as has been shown for slowly adapting dental receptors in cats (19) and for oral receptive fields in primates (20) . As a whole, the amount of cortex devoted to the incisor representations occupied an average of 10% of the total neocortical area.
A second obvious specialization of S1 in naked mole-rats was its much larger size compared with most other mammal species (21) . In a previous study of the blind mole-rat (Spalax ehrenbergi), Necker et al. (22) were able to map much of the sensory cortex. Their preliminary estimates suggested that Spalax somatosensory cortex was at least 20% larger than laboratory rats and was shifted caudally in cortex to occupy part of the area usually devoted to vision. However, the dentition was not mapped and the borders of sensory areas were estimated in limited detail and not related to cortical histology. Nevertheless, the results strongly suggested that S1 in blind mole-rats is enlarged and displaced caudally.
By sampling cortex with a high density of microelectrode penetrations and relating microlesions to flattened cortical histology, we were able to revisit this issue in much greater detail for naked mole-rats. Our results reveal a remarkable expansion of the proportion of the neocortex taken up by the primary somatosensory area (S1), far greater than previously reported in any other rodent (Fig. 4) . S1 in naked mole-rats took up approximately 31% of total neocortex and at least 47% of all possible sensory cortex (cortex caudal to the rostral border of S1). In contrast, S1 in laboratory rats takes up approximately 21% of neocortex and only 27% of all possible sensory cortex (Fig. 5) . Assuming the sensory cortex of rats to be more typical of ancestral rodents, naked-mole rat somatosensory cortex appears to have increased by as much as 50% (as a proportion of total neocortical area) as mole-rats became specialized for fossorial life (Fig. 5) .
A final specialization of mole-rat somatosensory cortex was its far caudal and medial extension. This extension is perhaps best appreciated by noting the locations of microlesions where neurons responded to mechanosensory stimulation of the tail in a section of flattened cortex (Fig. 4C) . In most other mammals The representation of the dentition (Green) was found to be greatly expanded in naked mole-rats, taking up approximately 31% of S1. Note also the relatively large size of S1 overall, and its extension into far caudal and medial cortex where visual cortex is usually located in other mammals. ଁ, microlesions; ϫ, unresponsive sites. Medial is up and rostral is to the left.
( Fig. 4A) , much of caudal cortex is occupied by primary and secondary visual cortex (23, 24) . In naked mole-rats, somatosensory cortex extended to the caudo-medial pole of neocortex, clearly occupying most of the area that usually processes visual information in other species.
This somatosensory expansion seems analogous to the compensatory plasticity and corresponding cortical reorganization that has been observed when normally sighted animals are experimentally deprived of vision (25) (26) (27) (28) . Of course the degree of somatosensory expansion is much greater in naked mole-rats. This is to be expected given the millions of years they have had to evolve innate developmental mechanisms that bias their sensory system to process information related to touch. These findings also raise the question of how subcortical structures might be similarly specialized. In blind mole-rats (S. ehrenbergi), which depend heavily on their auditory system to detect low frequencies transmitted through soil, the dorsal lateral geniculate body was found to respond to auditory stimuli (29) . This finding suggests that in addition to changes in overall size, nuclei and areas might be rewired to respond to new modalities in the course of evolution.
The somatosensory cortex of naked-mole rats extends much further medially and caudally than in blind mole-rats (22) and appears to take up a much greater proportion of the brain (30). It is not clear why naked and blind mole-rats appear to differ in this respect. Part of the explanation for the larger expansion of naked mole-rat S1 may be related to the important postcranial sensory hairs that uniquely cover much of the naked mole-rat body and could require a large somatosensory territory much like the facial whiskers of other rodents (31) . Presumably the dentition is also of great importance to blind mole-rats, but this
has not yet been explored. Naked mole-rats have diverged extensively from their nonfossorial relatives and exhibit a number of unusual physical and behavioral adaptations for their underground habitat. Here we demonstrate that brain organization has evolved in parallel with these physical and behavioral changes, resulting in an equally specialized and unusual cortical organization (Fig. 3) . These specializations include major changes in the proportion of cortex devoted to touch and the location of somatosensory cortex, as well as the extreme magnification of the behaviorally most important parts of the mole-rat periphery-the incisors. Although the dentition is important in virtually all mammals, the degree of cortical magnification of mole-rat incisors is unprecedented. Such magnification is usually associated with a specialized sheet of sensory receptors (e.g., retina or skin surface) rather than the receptors at the base of the tooth that are activated by transmitting distant contact along a rigid surface.
These findings raise a number of important questions regarding cortical evolution, plasticity, and development. For example, investigations of rodent somatosensory ''barrel'' cortex have revealed a close relationship between innervation density and cortical representational area (32, 33) . This finding would suggest that mole-rats may have a particularly large set of densely innervated periodontal mechanoreceptors. A second possibility, suggested by more recent investigations in primates (34, 35) , is that activity patterns may have inf luenced the size of cortical representations in mole-rat cortex. Perhaps, for example, greater use of the incisors by naked mole-rats relative to other mammals has shaped the size of cortical representations throughout their lifetime. Alternatively, the incisors and their innervation may have an important inf luence on the cortex primarily during early critical periods of devel- Fig. 4 . A comparison of the size and location of primary somatosensory cortex between laboratory rats (Long-Evans) and the naked mole-rat. (A) The location and size of S1 in a rat drawn from a section of layer 4 cortex processed for cytochrome oxidase histochemistry. Black ovals within S1 reflect the locations of cytochrome oxidase dark modules that represent whiskers and skin surfaces (30) . S1 takes up approximately 21% of the neocortex in rats and is located rostral to primary visual (V1) and auditory cortex (A1). (B) The location and size of S1 in the naked mole-rat. S1 takes up approximately 31% of neocortex and extends far caudal and medial, occupying cortical territory usually taken up by visual areas in other mammals. (C) A section of flattened cortex from a naked mole-rat showing microlesions made where neurons responded to mechanosensory stimulation of body parts and outlining much of S1. Note the caudo-medial location of lesions D and E. Neurons at the lesions responded in the following sequence: A, tongue; B, lower incisor; C, forelimb; D and E, tail; F, facial vibrissae; G, hindlimb (in S2͞PV); H, lower incisor.
Fig. 5.
Comparison of the overall proportion of neocortex taken up by S1 in the naked mole-rat and Long-Evans laboratory rat. S1 was approximately 50% larger, as a proportion of total neocortex, in the naked mole-rat (Right). A second comparison is the proportion of sensory cortex taken up by S1 in the two species (Left). Total sensory cortex here was defined as cortex caudal to the rostral border of S1, which necessarily includes all visual cortex (V1 and V2), auditory cortex, and the secondary somatosensory area (S2) and parietal ventral somatosensory area (PV). Because mole-rats have less sensory cortex overall, S1 takes up a larger proportion of neocortex devoted to all sensory areas. Bars indicate SD.
opment (36 -38) . Finally, whatever the mechanism of cortical magnification, it remains to be seen what is gained by devoting so much cortex to the teeth. Can mole-rats use the dentition for a range of subtle sensory discriminations? We believe these interesting small mammals will be useful in answering a number of basic questions about the sensorimotor function of dentition.
